chondrial pathway is engaged when members of the BH3-only subset of the Bcl-2 family proteins (e.g., Bid and Bim) activate another subset, the multidomain/ BH123 proteins (e.g., Bax and Bak). The latter then permeabilize the mitochondrial outer membrane. This leads The OXPHOS system consists of four multimeric com-9500 Gilman Drive plexes (in addition of coenzyme Q and cytochrome c) La Jolla, California 92093 forming the mitochondrial respiratory chain (complexes I to IV). This chain transfers electrons from the reducing equivalent (NADH-FADH 2 ) to molecular oxygen, creating Summary a proton gradient across the inner mitochondrial membrane, measured as ⌬⌿m. This force is used by complex Mitochondrial outer membrane permeabilization and V (F 0 F 1 ATPase) to produce ATP. ⌬⌿m is not only imporcytochrome c release promote caspase activation and tant for ATP production but is also required for mitoexecution of apoptosis through cleavage of specific chondrial protein import and to regulate metabolite caspase substrates in the cell. Among the first targets transport. Therefore, ⌬⌿m is often employed as an indiof activated caspases are the permeabilized mitocator of cellular viability, and its disruption has been chondria themselves, leading to disruption of electron implicated in a variety of apoptotic phenomena (Martransport, loss of mitochondrial transmembrane pochetti et al., 1996; Zamzami et al., 1995a, 1995b). ⌬⌿m tential (⌬⌿m), decline in ATP levels, production of reloss during apoptosis was widely taken as evidence active oxygen species (ROS), and loss of mitochondrial for the involvement of a permeability transition in the structural integrity. Here, we identify NDUFS1, the 75 process, in which the adenine nucleotide translocator kDa subunit of respiratory complex I, as a critical casin the inner membrane opens to dispel the gradient pase substrate in the mitochondria. Cells expressing (Bauer et al., 1999), although recent evidence suggests a noncleavable mutant of p75 sustain ⌬⌿m and ATP that the mitochondrial permeability transition (MPT) can levels during apoptosis, and ROS production in reproceed in the absence of an adenosine nucleotide sponse to apoptotic stimuli is dampened. 
functional after exposure of isolated, permeabilized miof at least 46 subunits with a combined molecular mass of about 1000 kDa (Walker, 1992) . Of the 46 subunits, tochondria to caspases and in apoptotic cells (Ricci et seven are encoded in the mitochondrial genome, while al., 2003a). The results of this assault by caspases on the others are nuclear encoded and imported after transmitochondria are the loss of ⌬⌿m and the production lation (Robinson, 1998) . Complex I has been identified of reactive oxygen species (ROS). The role of this effect as a major source of ROS (Li et al., 2003) and is the in the orchestration of cell death has not been determajor route of entry of electrons into the respiratory mined.
chain. We therefore sought to determine how caspase Caspases orchestrate the process of apoptosis cleavage of p75 impacts on mitochondrial function and through cleavage of specific substrates in the cell. While what affects this has in the process of apoptosis. many other caspase substrates are known, most have To confirm that p75 can be a substrate for caspases, no defined function during apoptosis (reviewed in Fihuman p75 was cloned with a V5 tag added to the C scher et al. We therefore tested if p75 is cleaved by caspases In this study, we employed a novel approach to idenduring apoptosis. As shown in Figures 2Ba, 2Bb, and tify the 75 kDa subunit of complex I as a caspase sub2Bc, immunoblots showed a loss of p75 during apoptostrate accessible to the intermembrane space of the sis induced by staurosporine, UV, or TNF/CHX, which mitochondria. Mutation of the single, conserved caswas blocked by addition of the caspase inhibitor QVDpase cleavage site leads to protection of mitochondrial fmk. Another subunit of complex I, which was not functions and integrity during apoptosis. This mitochoncleaved during cell death (p17, see also Figure 2C ), drial protection was coupled with a delay in plasma memserved as a loading control. Several other components brane disruption during apoptosis. Caspase-induced of complex I remained intact upon induction of apoptochanges in mitochondrial functions are therefore likely sis ( Figure 2C ). As expected, the nuclear caspase subto have a central role in caspase-dependent cell death.
strate PARP was cleaved in the apoptotic cells. The accessibility of the p75 subunit to the intermemResults brane space (IMS) is controversial. Two early studies demonstrated that this subunit can be accessed from To identify potential caspase substrates in mitochonthe IMS (Ohnishi et al., 1985; Smith and Ragan, 1980 ). dria, we developed the strategy outlined in Figure 1A .
More recently, complex I organization has been resolved After isolation from mouse liver, soluble and membraneinto various subcomplexes named I␣, ␤, and (Carroll associated proteins were further purified from mitoet al. [2003] , for review, see Hirst et al.
[2003]), and it chondria and then resolved by SDS-PAGE (first dimenhas been suggested that p75 is exclusively contained sion, see Experimental Procedures for details). The lane within the I subcomplex, located in the matrix. Howwas excised, dehydrated, and then rehydrated in the ever, in that study, p75 was found not only in fraction presence of recombinant active caspase-3, allowing the I (located in the matrix) but to the same extent in fraccaspase access to substrates in the gel. Proteins were tion I␣ (potentially accessible to the IMS) (Carroll et then further resolved in the second dimension by SDSal., 2003). PAGE. While the majority of proteins are expected to Therefore, in order to examine the accessibility of p75 appear on the diagonal (corresponding to intact proto the intermembrane space, we prepared mitochondria teins), caspase substrates should be cleaved and thereand induced MOMP using N/C Bid, as described (von Ahfore resolve as distinct spots below the diagonal. This sen et al., 2000). Permeabilization was assessed by cytotechnique was validated using whole cell lysates, and chrome c release (Figure 2Db ). The permeabilized mitothe known caspase-3 substrate poly-ADP ribose polychondria were then treated with trypsin. As shown in merase (PARP) was identified by Western blot. As shown Figure 2Da , trypsin effectively digested p75 but not in Figure 1B , PARP appeared as a single spot located mtHSP60 (which is trypsin sensitive when treated dion the gel's diagonal when no caspase was used. Treatrectly, data not shown) in the permeabilized mitochonment of the first dimension with caspase-3 revealed the dria. Since mtHSP60, which is localized in the mitochoncleaved (p85) fragment of PARP under the diagonal. drial matrix, was not digested, the digestion of p75 Mitochondrial proteins were subjected to this simple indicates that this protein is accessible to the intermemprocedure ( Figure 1C) , and discrete spots were analyzed brane space. Further confirmation of the localization of by MALDI-TOF. Two of these, found aligned in the secp75 was obtained using mitoplasts from cells ectopically ond dimension, were identified as two fragments of the expressing tagged p75 (see below and Supplemental 75 kDa subunit of complex I (also called NADH dehydro- Figure S1E at http://www.cell.com/cgi/content/full/117/ genase Fe-S protein-1, NDUFS1, or NUAM). The resi-6/773/DC1) dues at the junction of these fragments conform to a During apoptosis, the mitochondrial outer membrane consensus caspase-3/7 site (Stennicke et al., 2000) , becomes permeable (and this is necessary for caspase DxxD/A, and are highly conserved in animals ( Figure 1D cytosol then could gain access to proteins exposed to consumption (Figures 3Da and 3Db) (Figure 3Dd , steady-state levels of ⌬⌿m or superoxide production (see Supplemental Figures S1A-S1C at Cell website). quantitation in Figure 3E) . Therefore, the expression of the noncleavable p75 protected complex I activity (but Immunoblot with anti-p75 antibody showed that the level of expression of either form of p75 increased total not complex II) during apoptosis. Previously, we showed that addition of caspase-3 to p75 levels only slightly, indicating that these were not dramatically overexpressed (Figure 3Ab To further examine this effect of p75 D255A on ⌬⌿m during apoptosis, we generated additional forms of the p75 with either staurosporine or actinomycin D ( Figure 3B) .
As with native p75, the ectopically expressed p75 wt protein (Figure 4Ad ). These were the N-terminal fragment of p75 following caspase cleavage, the corresponding was cleaved during apoptosis, and the expected cleavage product was observed ( Figure 3C ). This cleavage C-terminal fragment (with the mitochondrial import sequence of p75), and an inactivating mutant of p75 (R 241 W) product was found at lower levels than the intact p75, probably due to degradation as apoptosis progressed (Benit et al., 2001) that was introduced into p75 wt and p75
D255A
. Each of these, as well as p75 wt and p75
, and mitochondria were disrupted (see below). In contrast, p75 D255A was not cleaved during apoptosis. were transduced into HeLa cells by retrovirus and the change in ⌬⌿m during apoptosis examined. Of all of We then examined the effects of expression of wt or noncleavable p75 on mitochondrial respiration during these, only p75 D255A protected ⌬⌿m during apoptosis (Figure 4Ad) . Therefore, it appears that p75 D255A must apoptosis. HeLa cells expressing either form of p75 were permeabilized with digitonin, and respiration in rebe functional to protect mitochondrial function during apoptosis, and, further, it is the loss of this function sponse to different substrates was assessed by oxygen and Supplemental Movie S2) (while it is suggested at constitutively present in the media during the time-lapse experiments. As it has been shown that PS externalizathe population level, Figure 6B ) is intriguing but may reflect the scoring-in Figure 6C to Annexin V. In addition, one recent study showed that sessment that showed similar chromatin condensation; Supplemental Figure S6 ). Caspase-independent effects PS externalization during Fas-induced apoptosis is decan also contribute to the differences between the nulayed by Bcl-2, which also sustained ATP levels in the merous processes occurring during apoptosis as opcells (Uthaisang et al., 2003) . of death may be irrelevant, provided that the cell does Not surprisingly, preserving mitochondrial functions indeed die. However, the kinetics of cell death may be and integrity does not appear to affect DNA fragmentacrucial in other cases. In development, a delay in death tion during apoptosis, which is mediated by caspase of a population of cells can lead to defects in morphocleavage of ICAD to release the active nuclease CAD genic events, and this effect might explain the partial (Enari et al., 1998). In contrast, the effect of p75 cleavage penetrance of the APAF-1 phenotype in cranio-facial on plasma membrane events is intriguing. Cells expressdevelopment (Cecconi et al., 1998) . Similarly, the rate ing the noncleavable p75 D255A showed delays in persisof death and clearance of cells infected with viruses or tent PS externalization and loss of plasma membrane other intracellular parasites might be expected to have integrity ( Figure 6, Supplemental Figures S7 and S4C, important ramifications for the spread of the infection. and Supplemental Movie S2). One possibility is that the In this regard, it is not unreasonable to speculate that production of ROS upon p75 cleavage contributes to the rapid loss of ATP production and generation of ROS these plasma membrane events. Indeed, lipid peroxicaused by caspase cleavage of p75 contributes to the dation during apoptosis has been implicated in PS exinhibition of parasite replication and perhaps parasite ternalization (Arroyo et al., 2002; Matsura et al., 2002) . destruction in the dying cell. Rapid clearance upon PS Alternatively (or in addition), the effects may be a conseexternalization would further restrict the spread of the quence of the maintenance of ATP in the dying cells.
parasite. Therefore, caspase targeting of p75 to destroy The lipid transporter that moves PS from the outer to the complex I function is likely to be of importance in inner leaflet of the plasma membrane is ATP dependent such settings. (Gleiss et al., 2002) , and it may be that its activity serves The p75 subunit of complex I is highly conserved, and to counteract (at least partially) the scrambling of PS all animals examined maintain the caspase cleavage following caspase activation. Sustaining ATP levels site we have identified in this molecule. However, this would also support a variety of ion pumps in the plasma cannot be taken as proof (or even a suggestion) that membrane, contributing to the maintenance of memthis site is maintained by selection pressure for caspase brane integrity.
cleavage of this protein during apoptosis, since the site In our studies, the expression of noncleavable p75 Except for confocal studies (see below), ⌬⌿m was measured using Isolation of Membrane-Associated Proteins TMRE (50 nM) in mitochondrial isolation buffer (MIB: 220 mM manniMitochondria were suspended at 1 mg/ml in 100 mM sodium carbontol; 68 mM sucrose, 10 mM Hepes-KOH [pH 7.4], 70 mM KCl, 1 mM ate (pH 11.5) and incubated 30 min at 0ЊC. The suspensions were EGTA, 1 mM PMSF, and 2 M aprotinin; when permeabilized cells centrifuged at 50,000 rpm for 1 hr at 4ЊC. The pellet corresponding were examined, 100 M cytochrome c was added). ROS were meato the membrane-associated proteins was dissolved in 2% SDS. In sured using 2 M of dihydroethidium (2-HE) in MIB buffer. For subboth cases, 400 g of proteins was resolved by SDS-PAGE 12% G1 analysis, after treatment, cells were washed and resuspended (first dimension). After migration, the lane containing the protein in 100 l of PBS, and the cells were fixed by addition of 900 l of was excised and soaked in 40% EtOH and 10% Acetic acid for 10 EtOH 70% in PBS and incubated overnight at 4ЊC. Cells were washed min, in EtOH 30% for 10 min, and then in ultrapure water for 2 ϫ in PBS 
